Considerable attention has been focused recently on the in-plane thermal conductivity ( ab ) of cuprate superconductors. 1 In the superconducting state (TϽT c ), ab rises above its normal-state value and reaches a materialdependent maximum at T max with 0.4рT max /T c р0. 8 . Both phononic and electronic mechanisms have been proposed to explain this enhancement but there is currently no consensus regarding its origin. [2] [3] [4] [5] [6] [7] [8] A phononic explanation may be viewed as ''conventional'' in that for disordered superconductors such as Pb 0.9 Bi 0.1 , 9 NbC, 10 and Zr 70 Cu 30 , 11 a similar peak occurs, attributed to a reduction in phonon-carrier scattering as the charge carriers condense in the superconducting state. An electronic mechanism entails a dramatic enhancement in the quasiparticle lifetime, qp , in the superconducting state, so as to overcome a decreasing number of quasiparticle excitations. In support of an electronic scenario are the microwave conductivity derived from the measured surface resistance, 12 which implies such an enhancement in qp , and theoretical models for the cuprates wherein scattering by spin fluctuations and d-wave pairing are central ingredients. 3, 5, 13 Though many measurements of ab for single-crystal specimens have been reported, a comparative survey of the enhancement systematics for different materials, and particularly its dependence on charge-carrier doping, has not been presented. In this paper we examine the available data for four compounds: YBa 2 The data of Henning et al. 24 confirm that the large varia- 33, 34 using the suppressed T c value ͑88 K͒. The largest uncertainties in this plot are for the oxygen content. In some cases 18 -20 these values were determined from the thermopower, 34, 35 magnetization, 36 and/or lattice parameters 37 measured on the same crystals, but in others the method was unspecified. Uncertainties in x and oxygen homogeneity may account for the scatter in the data.
It is now well established from measurements of the specific heat 38 and penetration depth 39, 40 that fully oxygenated chains in Y-123 are superconducting and contribute substantially to the condensate density (n s ). It is remarkable that ␦W/W follows closely the normalized electronic specific heat jump, ␦␥(T c )/␥ n ϰn s /n, from Loram et al. 38 ͑solid line in Fig. 2͒ . The most dramatic feature in ␦␥(T c )/␥ n is its increase by nearly an order of magnitude within the 90 K plateau, 38 ,41 indicating a corresponding enhancement in pair density, arising principally from the chains. A second feature, the local maximum, corresponds to the 60 K plateau, where the chains are alternately full and empty. These data support a model in which superconductivity extends to oxygen-filled chains via the proximity effect, and is suppressed by pair breaking on disordered chains due to vacancy-induced local moments. 39, 42 Both the 90 K and 60 K features are evident in ␦W/W, though further measurements for heavily underdoped crystals are needed to convincingly establish the second feature. The same qualitative behavior of ␦W/W with x has been confirmed in systematic measurements on individual polycrystal Y-123 specimens. 43 The available data for crystals of the other materials are insufficient 44 to construct plots similar to Fig. 2 .
To interpret the results of Fig. 2 we must consider both electronic ( e ) and lattice ( L ) contributions to the heat flow, ϭ e ϩ L ͑we speak exclusively of the in-plane thermal conductivity, and omit the ab subscript without con-
. Qualitatively, we can see that the behavior ␦W/Wϰn s /n can arise from either a phononic or electronic mechanism if the enhancement in one of these contributions predominates. When Matthiessen's rule is obeyed, 45 the normal-and superconducting-state thermal resistivities ͑at temperature T max ) for either electronic or lattice heat flow can be expressed as W n ϭAϩB and W s ϭA(1Ϫn s /n)ϩB, respectively, where A represents charge-carrier scattering and B all other scattering. This two-fluid scheme for the superconducting state yields ␦W/Wϭ͓A/(AϩB)͔(n s /n), in qualitative agreement with the data, provided the ratio A/(AϩB) is a weak function of doping. More generally, enhancements in both e and L imply a more complex behavior for ␦W/W, with higher-order terms in n s /n. In addition, the scattering parameters may be expected to change with doping. For example, L for insulating Y-123 is extremely sensitive to small variations in oxygen content. 46 Thus, a general treatment of ␦W/W entails model-dependent assumptions.
Constraints on an electronic enhancement can be found by considering measurements of other electronic properties. Observations of a peak near T max in the microwave conductivity, 1 , 12 provide motivation for the proposal 47 where all quantities are to be evaluated at T max . We assume initially that L s and L n are independent of x. Bonn et al. 49 observed a peak in R s at T max ϭ40 K that was independent of oxygen content (R s ϭ30 ⍀ at /2ϭ3.64 GHz͒ for four x values 51 of the same crystal. Using these results and (x), 39 we compute 1 (x)ϭ(2/ 0 2 2 )R s / 3 (x). n is found by linear-T extrapolation of the normal-state resistivity. 50 Systematic measurements of (x) on an individual crystal for this x range are not available, so we rely on the following estimate for n (x). For the highest oxygen content (xϭ0.94) we take n (0.94)ϭ12.3Ϯ2.6 W/mK, the average ͑and standard deviation for uncertainty͒ of sixteen specimens from the literature ͑Fig. 1͒ having T c у90 K and T max р45 K. For subsequent values of x this n is reduced according to the Wiedemann-Franz relation to account for the decrease in e n , i.e.,
Results using L s ϭL n ϭL 0 for all x are shown in Fig. 3 ͑circles͒.
The computed and measured ␦W/W are in reasonable accord for xу0.9, but the former overestimates the latter by a factor of 3 near xϭ0.8. This disagreement is well outside any uncertainties introduced in our analysis. Allowing enhancements in L increases the discrepancy, as does incorporating a decrease in L n with decreasing x implied by polycrystal studies. 43, 52 We consider two possible conclusions from these results that may resolve the apparent discrepancy: 13 the predictions of which are incompatible with experiment 12 in the weak-scattering limit. The presence of residual inelastic scattering at T max would not alter these conclusions.
Alternatively, it is possibile that the peak in 1 has nothing to do with scattering, i.e., does not imply a qp that grows dramatically below T c . There is theoretical motivation for this point of view. Calculations 54 of 1 from Eliashberg theory with a two-gap model 42 yield a peak in 1 independent of the form of qp . Thus the enhancement in e could be negligible and ␦W/W predominantly phononic. The doping dependence in Fig. 2 could then be interpreted conventionally.
In conclusion, we have shown that the superconductingstate enhancement of the in-plane thermal conductivity for Y-123 correlates with the pair density, and that the uniquely large enhancements observed in this material are associated with the condensate arising from the CuO chains. The doping dependence of the enhancement is inconsistent with an electronic mechanism and a quasiparticle thermal conductivity that scales with the microwave conductivity according to the Wiedemann-Franz relation. Measurements of , 1 , and for xϽ0.8 in Y-123 should further constrain an electronic scenario. Doping-dependent studies of for cuprates without chains, and extending into the overdoped regime, should help to clarify the generality of our observations. 
